Eliciting a broadly neutralizing polyclonal antibody response against HIV-1 remains a major challenge. One approach to vaccine development is prevention of HIV-1 entry into cells by blocking the fusion of viral and cell membranes. More specifically, our goal is to elicit neutralizing antibodies that target a transient viral entry intermediate (the prehairpin intermediate) formed by the HIV-1 gp41 protein. Because this intermediate is transient, a stable mimetic is required to elicit an immune response. Previously, a series of engineered peptides was used to select a mAb (denoted D5) that binds to the surface of the gp41 prehairpin intermediate, as demonstrated by x-ray crystallographic studies. D5 inhibits the replication of HIV-1 clinical isolates, providing proof-of-principle for this vaccine approach. Here, we describe a series of peptide mimetics of the gp41 prehairpin intermediate designed to permit a systematic analysis of the immune response generated in animals. To improve the chances of detecting weak neutralizing polyclonal responses, two strategies were employed in the initial screening: use of a neutralization-hypersensitive virus and concentration of the IgG fraction from immunized animal sera. This allowed incremental improvements through iterative cycles of design, which led to vaccine candidates capable of generating a polyclonal antibody response, detectable in unfractionated sera, that neutralize tier 1 HIV-1 and simian HIV primary isolates in vitro. Our findings serve as a starting point for the design of more potent immunogens to elicit a broadly neutralizing response against the gp41 prehairpin intermediate. membrane fusion | vaccine | coiled coil | mimotope A variety of approaches have been used across many research groups to develop a vaccine against HIV-1 (1-3). Eliciting broadly neutralizing antibodies against HIV-1 has proven to be a formidable challenge. Nevertheless, promising progress continues to be made (4, 5) . We are focusing our efforts on eliciting neutralizing antibodies that target a transient viral entry intermediate. Earlier studies have shown that this transient intermediate, referred to as the prehairpin intermediate, can be targeted by peptide inhibitors that prevent HIV-1 infection in vitro (6) and in human patients (7) .
The HIV-1 envelope glycoprotein complex consists of two noncovalently associated subunits, gp120 and gp41. According to the currently accepted model for HIV-1 fusion, following engagement of host cellular receptors, the viral envelope complex undergoes a cascade of conformational changes culminating in the insertion of part of the viral fusogenic subunit gp41 into the host cell membrane. The mechanism of fusion involves two helical regions of gp41, the N-terminal heptad repeat (NHR) and Cterminal heptad repeat (CHR), which associate to form a fusionactive "trimer-of hairpins," a common structure in the fusion mechanism of many enveloped viruses (8, 9) . This structure consists of a bundle of six α-helices, in which three CHR peptides pack in an antiparallel manner against a central three-stranded coiled-coil formed by the NHR regions of the same gp41 monomers (10) (11) (12) (13) (14) . A significant body of evidence supports the notion that fusion progresses via formation of a prehairpin conformation that places the amino-terminal fusion peptide of gp41 in the target cell membrane, exposing both the NHR and CHR regions (8) .
The gp41 prehairpin intermediate is a potential target for vaccine development (15 (15) .
Using subsequently designed peptide mimetics of the NHR trimer, denoted IZN36 (16) and 5-helix (17) , as selection agents with a single-chain antibody variable region (scFv) phage-display library, we previously identified human mAbs that neutralize various HIV-1 isolates in vitro, validating the NHR region as a viable vaccine target (18) . The crystal structure of the Fab fragment of one of these mAbs (denoted D5) in complex with 5-helix (19) confirmed that D5 binds to the NHR region. Interestingly, D5 binds the same conserved hydrophobic pocket of the NHR trimer (20) that was previously shown to be the target of D-peptide (15) and peptidomimetic (21, 22) HIV-1 fusion inhibitors. These findings provide proof-of-concept that antibodies can bind to and neutralize the prehairpin intermediate in vitro.
Nonetheless, eliciting a neutralizing polyclonal response against the prehairpin intermediate has proven difficult. In our earlier studies, we used immunogens that were shown to be excellent mimics of the gp41 prehairpin intermediate as judged by x-ray crystallography and the observation that they were subnanomolar inhibitors of HIV-1 infection (16, 23) . Other groups have also identified human or rabbit antibodies that can bind to NHR mimetics and inhibit HIV-1 in vitro (24) (25) (26) (27) . However, in these published reports from other groups, and in our own earlier studies, it has not been possible to demonstrate antiviral activity in unfractionated polyclonal sera raised against these mimetics. Obviously, such a demonstration is critical for the development of an antibody-based HIV vaccine.
Here, we use two strategies to increase our ability to detect weak neutralization responses, which could subsequently be used to improve immunogen design. First, we identified a mutant virus of the HIV-1 isolate HXB2, designated HXB2-V570A, which is hypersensitive to neutralization by D5 and other inhibitors that target the HIV-1 prehairpin intermediate, and used this virus in our initial assays. Second, we purified IgG from immune sera to provide more concentrated antibody solutions in our initial assays. These more sensitive approaches allowed us to detect weak neutralizing activity in initial experiments. Subsequently, we modified the peptide mimetics of the prehairpin intermediate in an iterative manner and tracked the antiviral activity that resulted from immunization with these modified immunogens. Ultimately, we were able to detect cross-neutralizing responses in unfractionated immune sera, a critical step toward the development of an HIV-1 vaccine.
Results
Immunogen Design. Peptide mimetics of the hydrophobic pocket region.
Our first set of immunogens ( Fig. 1 ) focused on residues 565-581 of the NHR (numbering according to HXB2 sequence), corresponding to the prominent hydrophobic pocket of the coiled-coil (11, 20) , which encompasses the D5 epitope (18, 19) . The chimeric mimetic IZN17 consists of an engineered trimerizing and solubilizing coiled-coil (denoted IZ) scaffold fused to aa 565-581 of gp41 (16) . The second mimetic is a covalently stabilized trimer of IZN17 called (CCIZN17) 3 (23) . In this construct, the three peptide chains are covalently stabilized at the N termini by three interchain disulfide bonds between pairs of cysteines located outside the coiled-coil domain. This engineering imparts a very high degree of thermodynamic stability to the trimer, resulting in higher antiviral potency. This peptide is potentially a better immunogen than IZN17, because the trimeric state of the peptide is not dependent on self-association as for IZN17, and the conformational epitope within the hydrophobic pocket is therefore expected to be present even at the highly diluted concentrations resulting from vaccination. Previously, Louis et al. (27) were able to show a neutralizing response in vitro but only with affinity-purified antibodies elicited by trimeric gp41 peptides covalently stabilized by disulfide bonds within the coiled-coil domain. In contrast, our vaccine strategy utilizes peptide immunogens with increased helicity and improved subnanomolar inhibition of HIV infection (23) . Suppression of the immune response to irrelevant epitopes. The third immunogen, (CCIPN17) 3, was designed to shield the IZ scaffold from immune recognition in an attempt to minimize generation of antibodies against the nonrelevant portion of the peptide chimera, and subsequently focus the immune response against the NHR region. The strategy is to mask the undesired IZ epitope selectively with suitably located low molecular weight polyethylene glycol (LMWPEG) chains (28) . Starting with (CCIZN17) 3 , we designed (CCIPN17) 3 by introducing PEG chains with a nominal length of 15 Å at two exposed positions along the IZ scaffold of each peptide chain ( Fig. 1 ). The LMWPEGs were positioned so as not to perturb accessibility to the 17 NHR residues encompassing the D5 neutralizing epitope. (CCIPN17) 3 is fully helical, as determined by CD spectroscopy. Thermal denaturation experiments at neutral pH show that even in the presence of 2 M GuHCl, the peptide has a melting temperature (T m ) >90°C (Table S1 ), which compares well with what had previously been reported for the corresponding non-PEGylated (CCIZN17) 3 (23) . Furthermore, (CCIPN17) 3 binds D5 with an efficiency similar to (CCIZN17) 3 (28) , suggesting that the chosen positioning of the LMWPEG chains does not preclude accessibility to the HIV-1 sequence and is not detrimental to the structural integrity of the D5 epitope.
To test the ability of LMWPEG chains to shield the scaffold from immune recognition, we compared (CCIZN17) 3 and (CCIPN17) 3 in immunization studies in guinea pigs. Animals were injected three times with either peptide at weeks 0, 4, and 8. Antibody titers to (CCIZN17) 3 and (CCIPN17) 3 as well as the scaffolds alone, denoted (CCIZ) 3 and (CCIP) 3 , were determined by ELISA using the corresponding biotinylated peptides on streptavidin-coated plates. As shown in Fig. S1 , although anti-(CCIZN17) 3 and anti-(CCIPN17) 3 titers were comparable (≈1.5 × 10 5 ), the majority of the response to (CCIZN17) 3 was directed toward the IZ scaffold. In contrast, very little response toward either the (CCIP) 3 or (CCIZ) 3 scaffold was elicited by immunization with (CCIPN17) 3 , demonstrating that by shielding the IZ scaffold with LMWPEG, it is possible to suppress the immune response to that region selectively, while retaining the immunogenicity of the epitope of choice. Peptide mimetics of a longer segment of the NHR. Our previous work showed that by selecting a scFv phage library with antigens spanning the longer N36 region (HXB2 residues 546-581), only antibodies preferentially binding in the smaller hydrophobic pocket region, as defined above, were identified (18) . This was the motivation to focus initially on N17-based peptides. However, the possibility exists that antibodies recognizing the trimeric coiled-coil at multiple sites outside the hydrophobic pocket could strengthen the neutralization efficiency of the elicited humoral response. To test this hypothesis, we included as immunogens several chimeric N-peptides consisting of IZ fused to N36. In particular, we synthesized IZN36 (16), which had previously been employed for D5 selection (18); (CCIZN36) 3 , a covalent trimeric form of IZN36 analogous to (CCIZN17) 3 ; and (CCIPN36) 3 , a covalent trimeric construct with LMWPEG chains to shield the IZ scaffold (Fig. 1) . All three N36 constructs had high helical content, as determined by CD spectroscopy (Table S1 ). Thermal denaturation experiments at neutral pH and at a concentration of 10 μM peptide demonstrated a high degree of stability with a T m >90°C (Table S1 ). In the presence of 2M GuHCl, IZN36 had a T m of 72°C, whereas both of the covalent constructs maintained higher stability with a T m >90°C. These results compare favorably with data obtained on the N17-based constructs (16, 23) (Table S1 ).
Serological Analysis of Animals Immunized with NHR Peptide
Mimetics. NHR peptide mimetics were evaluated as immunogens in guinea pigs and rabbits to determine whether a neutralizing antibody response was induced. Antibody titers in matched postdose 3 (PD3) and preimmune sera from individual animals were determined by end-point ELISA. All immunogens elicited a robust peptide-specific response, with group geometrical mean titers of ≈10 5 -10 6 (Table S2) .
NHR peptide mimetics elicit hydrophobic pocket-targeted D5-like antibodies. To determine whether our NHR mimetics were capable of eliciting a "D5-like" antibody response (i.e., one directed primarily toward the well-conserved hydrophobic pocket), we employed a D5/5-helix competitive binding assay (DCBA) (SI Materials and Methods and Fig. S2 ). The IgG fraction from corresponding individual preimmune and PD3 sera was isolated by batch protein A affinity chromatography, followed by a buffer exchange and concentration step (final concentration approximately 5-fold higher than in the starting sera). Analysis of these purified IgG fractions in the DCBA shows that the vaccines can elicit D5-like IgGs and, importantly, the proportion of vaccineinduced D5-competitive antibodies increased as a function of both conformational constraint and increasing peptide sequence length (Table S2 ). In guinea pigs immunized with either (CCIZN36) 3 or (CCIPN36) 3, the concentration of D5 competitive antibodies is roughly 10-to 100-fold higher than in those immunized with (CCIZN17) 3 or IZN36.
Use of a hypersensitive virus to rank-order NHR peptide mimetics. Amino acid substitutions of CHR residues that pack into the NHR hydrophobic pocket have been shown to destabilize CHR binding (20) . Based on our previous work (18), we identified a mutant virus containing a single Val-to-Ala substitution at position 570 within the hydrophobic pocket region of the HXB2 NHR (V570A) that was more sensitive to inhibitors that bind to the prehairpin intermediate but not to neutralizing mAbs that bind elsewhere (a detailed characterization is provided in SI Materials and Methods and Fig. S3 ). Fig. 2 summarizes the neutralization potencies of purified IgG from guinea pigs (Fig. 2 A and B) or rabbits (Fig. 2C) immunized with NHR peptide mimetics. As expected, neutralization potencies are higher against HXB2-V570A ( Fig. 2A ) than against HXB2 (Fig. 2B) . The immunogen rank-order is preserved between viruses: The most effective peptide immunogens against either virus are (CCIZN36) 3 and (CCIPN36) 3 . The advantage of using HXB2-V570A was even more apparent in the analysis of rabbit sera. Consistent with the observation that the total and functional immune responses were lower in rabbits for all immunogens, no neutralization was detected against HXB2. The use of HXB2-V570A confirmed that the rank-order was maintained in rabbits, with (CCIZN36) 3 and (CCIPN36) 3 being the best immunogens (Fig. 2C) . Overall, it appears that higher neutralizing activity is elicited with the N36-based peptides compared with their N17 counterparts. Higher neutralization activity is also obtained with covalent tri- ). All preimmune IC 50 s were >3,000 μg/mL, with the exception of a single sample [1,800 μg/mL vs. HXB2-V570A for one guinea pig in the (CCIPN36) 3 group]. All rabbit sera had IC 50 s >3,000 μg/mL vs. HXB2 virus. For guinea pigs, comparing the group of all N17 peptides vs. the group of all N36 peptides, N17 and N36 were highly statistically different (P < 0.001, twotailed t test on ranked data) for HXB2-V570A but were not statistically significant (P = 0.08) for HXB2. For HXB2-V570A in guinea pigs, (CCIZN36) 3 and (CCIPN36) 3 were superior to all N17 immunogens (maximum P < 0.017, Dunnett's test with control on ranked neutralization values). meric immunogens: (CCIZN17) 3 and (CCIPN17) 3 are more effective immunogens than IZN17, and (CCIZN36) 3 and (CCIPN36) 3 are more effective than IZN36 (Fig. 2) .
Neutralization potency is correlated with the concentration of D5-like antibodies. X-ray crystallographic studies show that D5 binds to the conserved hydrophobic pocket of the prehairpin intermediate (19) . The concentration of antibodies capable of competing with D5 for the hydrophobic pocket region was measured by DCBA (Fig. S2). Fig. 3 plots the correlation between the concentration of D5-like antibodies as a function of neutralization potency for guinea pig data (Fig. 3A) and rabbit data (Fig. 3B) . Strikingly, the longer N36-based immunogens are more effective at eliciting D5-like antibodies even though the hydrophobic pocket region is contained within the N17 region alone. One explanation for the observed correlation is that the longer N36 peptides are more accurate mimetics of the hydrophobic pocket, increasing the likelihood of raising specific antibodies targeting this pocket after immunization. However, previous data from our group have shown that D5 binds N17-and N36-based mimetics equally well (18) , suggesting that they share the same conformation.
Detecting neutralization activity in unfractionated antisera and with other viral isolates. The higher neutralizing IC 50 titers obtained with HXB2-V570A in purified IgG from sera of animals immunized with either (CCIZN36) 3 or (CCIPN36) 3 suggested that neutralization responses should be detectable in unfractionated serum. To gain preliminary insight on the breadth of the neutralization response, we tested individual guinea pig serum samples from these groups against a small panel of HIV-1 isolates as well as simian HIV (SHIV) SF162p3, which has previously been tested in multiple monkey challenge studies (29) (30) (31) . The HIV-1 viruses used for this panel are representative of tier 1 isolates, defined as being sensitive to antibody-mediated neutralization and mainly comprising T celladapted viruses (32) . For comparison, the antiviral potency of two broadly neutralizing human mAbs in our P4-2/R5 assay is shown in Fig. S3 . The IC 50 data are plotted in Fig. 4A for individual animals for both immunogens. As expected, the most potent neutralization response is observed against HXB2-V570A. Interestingly, isolates 89.6 and 129 appear to be more neutralization-susceptible than parental HXB2. The data indicate that unfractionated antisera that best neutralize HXB2-V570A also tend to neutralize unrelated viral isolates more potently, suggesting that broad cross-reactivity may be possible in some cases.
This qualitative assessment of a correlation between activity against HXB2-V570A and other unrelated viruses was confirmed by statistical analysis. Nonparametric rank correlations of IC 50 for each viral isolate vs. HXB2-V570A were calculated (Fig. 4B) . Nonparametric methods have the advantage that no modelspecific assumptions are made between the variables, at the loss of some statistical power. Ranks were highly correlated; that is, the best neutralizing sample for HXB2-V570A tended also to be the best neutralizing sample for another virus, the second-best neutralizing sample likewise, and so forth, with high significance (P < 10 −4 for HXB2, SF162p3, DH012, and 129, and P = 0.005 for 89.6). Thus, HXB2-V570A is a sensitive probe of D5-like neutralization that retains correlation with other viral isolates and was a useful tool in the search for antisera and vaccine candidates in this experiment. Expanded panel of HIV-1 isolates. We next prepared pools of sera from individual animals immunized with (CCIZN36) 3 and (CCIPN36) 3 and tested these in the TZM-bl pseudovirion entry inhibition assay against an expanded panel of isolates composed of 12 tier 1 and 10 tier 2 viruses, representative of clades A, B, and C. Tier 1 viruses tend to be sensitive to antibody-mediated neutralization, whereas tier 2 viruses predominantly encompass primary isolates that are more neutralization-resistant (32) . We included HXB2-V570A, 89.6, and 129 as bridging viruses between the p4-2/R5 and TZM-bl assays.
The data for the tier 1 panel are summarized in Table 1 . Both (CCIZN36) 3 and (CCIPN36) 3 1 viruses. The magnitude of the response detected in the independent neutralization assays was comparable between bridging viruses, as evidenced by the IC 50 titers observed for HXB2-V570A, 89.6, and 129. Rabbit sera showed no neutralization in the TZM-bl assay against any virus other than HXB2-V570A, for which the titers were ≈100-fold lower than those obtained in guinea pigs. Neither the guinea pig nor rabbit sera displayed any activity against the more resistant tier 2 viruses. To ascertain whether this lack of activity against tier 2 viruses resulted from an insufficient titer of neutralizing antibodies or whether this class of viruses was inherently resistant to hydrophobic pocket-mediated neutralization, we tested D5 against the same tier1/tier2 panel. The data indicated that D5 can neutralize tier 2 viruses (4 of 10 strains, geometrical mean IC 50 = 280 μg/mL), although less frequently than tier 1 (9 of 10 strains, geometrical mean IC 50 = 120 μg/mL). The coverage and relative susceptibility ranking between tiers for D5 is similar to previously reported results (32) , suggesting that there is no bias against neutralization of the hydrophobic pocket in tier 2 strains relative to other neutralization mechanisms.
Discussion
The aim of the current study was to demonstrate that vaccinating animals with optimized peptide mimetics of the gp41 prehairpin fusion intermediate would result in an immune response that neutralizes HIV-1. Stable mimetics of the intermediate were required because this structure is only transiently exposed during fusion of the virus with the host cell. Indeed, for this reason, antibodies targeting this region are not expected to be readily generated during natural infection, and no such naturally occurring antibodies have been identified to date. We anticipated, even when using highly stabilized mimetics, that the proportion of the total antibody response generated against the desired epitopes might be low. Therefore, we used two tools to aid in the detection of weak neutralizing antibody responses: (i) a D5 hypersensitive mutant virus HXB2-V570A and (ii) isolation of serum IgG as a means of concentrating the antibody component. There are clear correlations between antisera that neutralize HXB2-V570A and those that neutralize other HIV-1 strains (Fig. 4B) . These correlations support the relevance of results obtained with this hypersensitive mutant virus to the development of a broader HIV-1 vaccine. To concentrate the antibodies, we chose to use whole IgG purification as opposed to affinity isolation of specific anti-gp41 antibodies to minimize the possibility of false-positive results that might occur as a result of contamination of the purified antibodies with the peptides used for selection, because these molecules are potent antiviral compounds in their own right (16) (17) (18) (19) (20) (21) (22) (23) .
The first improvement in immunogen design that we investigated was the use of covalent constructs that maintained the trimeric state independent of concentration. Specifically, although IZN17 and IZN36 present the prehairpin conformational epitope in an effective manner (16, 18) , this presentation requires self-association of the trimers. Dissociation of the structure is expected to occur as the peptide is diluted in vivo. The use of interchain disulfide bonds outside the coiled-coil domain to stabilize the trimeric structure has been shown to result in highly stable structures that are very potent (subnanomolar) inhibitors of HIV-1 fusion per se (23) . In our immunization experiments, a clear trend was observed toward increased potency in antisera elicited by immunization with the covalent trimeric immunogens (CCIZN17) 3 , (CCIPN17) 3 , (CCIZN36) 3 , and (CCIPN36) 3 relative to their noncovalent counterparts IZN17 and IZN36 (Fig. 2) . These data strongly indicate that covalently stabilized trimers are more potent immunogens for eliciting antibodies against the prehairpin intermediate.
The second improvement in immunogen design followed from the observation that a significant, and presumably irrelevant, immune response is generated toward the peptide region used as a scaffold to ensure a soluble trimeric structure (i.e., the IZ sequence). By using LMWPEG moieties strategically positioned on the scaffold, we were able to reduce the immunoreactivity toward the IZ sequences substantially without adversely affecting the desired immunogenicity of the conformational gp41 epitopes (Fig.  S1) . However, the current strategy did not improve the functional response; the neutralization potencies (and the levels of D5-like antibodies as quantified by DCBA) were comparable between animals immunized with PEGylated and non-PEGylated immunogens.
Third, the neutralization potency of purified IgGs increased with the length of the gp41 sequence, with higher potency measured from animals immunized with N36 peptide mimetics than with N17 peptide mimetics (Fig. 2) , although the reasons for this are not clear. The N17 sequence primarily presents the hydrophobic pocket that comprises the D5 epitope. Thus, the higher neutralizing potency observed with N36-based immunogens could be attributed to additional neutralizing epitopes that are distinct from the D5 epitope. However, serum neutralization potency correlated well with the quantity of D5-like antibodies elicited for all the peptide mimetics (Fig. 3) . Specifically, the antisera from the longer N36 constructs are not only more neutralizing but contain a higher concentration of D5-like antibodies.
The two most promising immunogens, (CCIZN36) 3 and (CCIPN36) 3 , elicit neutralizing antibody responses that can be detected in unfractionated serum from guinea pigs. The potency of this response is highest against HXB2-V570A, but reasonable potency is also observed against a number of tier 1 viral isolates (Fig. 4) . Although we did not detect neutralization of any tier 2 viruses, which are chosen to be more neutralization-resistant, we did detect moderate neutralizing potency for ≈50% of the tier 1 HIV-1 isolates (Table 1) . Serum IC 50 values ranged from 1:8-1:88 for neutralization-susceptible viruses, with the exception of HXB2-V570A, which was neutralized ≈10-100-fold more readily.
Thus, antiviral activity can be obtained in unfractionated polyclonal sera raised against peptide mimetics of the gp41 fusion intermediate. Although our neutralization titers are relatively low, it is encouraging to note that a previous study on passive transfer of neutralizing antibodies in rhesus macaques reported that a calculated plasma neutralization titer of 1:38 or greater (33) against a broad range of HIV-1 isolates would confer 99% protection against challenge with SHIV DH12 (TCID50), whereas a titer of 1:6.5 yielded 50% protection. Neutralization titers in the same dilution range have been shown to confer protection in other nonhuman primate challenge studies (34, 35) . These reported protective titers may represent Pools were prepared from individual PD3 animal sera in each of the corresponding groups shown in Table S2 (n = 8 for guinea pigs, n = 4 for rabbits). Positive results (gray-shaded cells) are defined as ≥3-fold rise above the matched preimmunization pooled sera titer.
a conservative estimate, because significantly lower amounts of infectious virus are encountered during natural transmission than in the challenge doses typically used (10-100 ID 50 ) during passive immunization studies (36) . This view has been reinforced by recent studies showing that HIV-1 infection can be limited or even prevented in animals with a wide range of functional antibody titers as measured by in vitro neutralization assays when these antibodies are continuously present, as would be the case for vaccine-induced immunity (31, 37, 38) .
Our chimeric gp41 NHR peptide mimetics represent one promising approach toward a prophylactic HIV-1 vaccine that targets a highly conserved functional target on the virus. However, considerable developmental hurdles remain. Despite the demonstrated potency against neutralization-sensitive tier 1 viral strains, sera showed no activity against tier 2 viruses, which represent the primary isolate class encountered in natural infection. Although D5 exhibited limited activity against these viruses, the challenge remains to boost the D5-specific antibody response to higher levels. More fundamentally, it remains to be seen whether a robust antibody response targeting the transient and sterically occluded prehairpin intermediate can be elicited. Recent studies suggest that access to this region during the viral fusion process may be limited by steric hindrance, which would be a significant barrier to the development of an effective vaccine (39, 40) . Our observation that neutralization potency and the quantity of D5-like antibodies are lower in rabbits than in guinea pigs may point to increased difficulty in eliciting protective neutralizing antibody titers in higher species, including primates. Furthermore, the duration of the neutralizing antibody response has not yet been addressed, which is an important consideration for long-lasting protection. However, an important and encouraging aspect of the current study is that it shows that incremental improvements in the quality of a vaccine can be realized through iterative cycles of design.
Materials and Methods
Peptide Synthesis. All the peptides in Fig. 1 were synthesized by solid-phase synthesis. Full details on peptide synthesis and characterization are presented in SI Materials and Methods.
Immunization Studies. Both guinea pigs (eight animals per group) and rabbits (fouranimals pergroup) were immunizedi.m.with 100 μg ofpeptide immunogen three times, at weeks 0, 4, and 8. For the guinea pigs, the peptide was administered together with 180 μg of aluminum hydroxyphosphate sulfate plus 40 μg of Iscomatrix (CSL) per dose, whereas for the rabbits, the peptide was administered together with 450 μg of aluminum hydroxyphosphate sulfate plus 100 μg of Iscomatrix per dose. Serum samples were collected before immunization and 3 weeks (for guinea pigs) or 4 weeks (for rabbits) after each immunization.
HIV-1 Neutralization Assays. The neutralization capabilities of immune sera were assessed in two independent single-cycle HIV-1 infectivity assays. Both are detailed in SI Materials and Methods.
